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Graphical abstract 
 
 
Abstract 
Magnetite nanoparticles (MNPs) coated with poly(acrylic acid-co-maleic acid) polyelectrolyte 
(PAM) have been prepared with the aim of improving colloidal stability of core-shell nanoparticles 
for biomedical applications and enhancing the durability of the coating shells. FTIR-ATR 
measurements reveal two types of interaction of PAM with MNPs: hydrogen bonding and inner-
sphere metal-carboxylate complex formation. The mechanism of the latter is ligand exchange 
between uncharged –OH groups of the surface and –COO- anionic moieties of the polyelectrolyte 
as revealed by adsorption and electrokinetic experiments. The aqueous dispersion of PAM@MNP 
particles (magnetic fluids – MFs) tolerate physiological salt concentration at composition 
corresponding to the plateau of the high-affinity adsorption isotherm. The plateau is reached at 
small amount of added PAM and at low concentration of non-adsorbed PAM, making PAM highly 
efficient for coating MNPs. The adsorbed PAM layer is not desorbed during dilution. The 
performance of the PAM shell is superior to that of polyacrylic acid (PAA), often used in 
biocompatible MFs. This is explained by the different adsorption mechanisms, namely metal-
carboxylate cannot form in the case of PAA. Molecular-level understanding of the protective shell 
formation on MNPs presented here improves fundamentally the colloidal techniques used in core–
shell nanoparticle production for nanotechnology applications.  
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Introduction 
 
Preparation of magnetite nanoparticles (MNPs) for application both in diagnostics and therapy 
has been in the focus of theranostics for the last several decades.1-12 Despite the very intense 
research, only few formulations are currently available for clinical application in MRI, drug 
delivery, controlled drug release, or magnetic hyperthermia.13-15 The magnetic properties and 
biocompatibility of MNPs make them a powerful competitor to other contrast agents (e.g., the 
widely used gadolinium complexes), the cytotoxicity and organ-specific side effects of which have 
raised some concern.16-18 The nanoparticles must be coated to prevent dissolution and aggregation 
of MNPs under physiological conditions (i.e., neutral pH and high salt concentration), to protect 
against protein adsorption (with subsequent denaturation), and to introduce anchoring sites for 
drug attachment. One of the promising techniques to cover particle surface is the adsorption of 
biocompatible hydrocolloids: uncharged polymers and polyelectrolytes (PEs).19 Detailed studies 
of the mechanism of adsorption of PEs are relatively rare in literature – mainly because of its 
complex character – though the knowledge of the basic processes is invaluable in the development 
of functional nanocomposites for biomedical applications.20 
Macromolecules can act both as dispersants and as flocculants depending on their chemical 
structure, molecular weight, adsorbed amount, as well as on their physico-chemical properties in 
solution and at the solid/liquid interface. Lyklema and Deschenes21 discuss in detail the chemical 
and electrostatic aspects of polyelectrolyte adsorption and provide a comprehensive review of the 
topic. They emphasize that the primary factor in PE adsorption is specific (non-coulombic) 
interaction, in contrast to the widely accepted and apparently evident expectation that the main 
driving force should be of electrostatic origin. Specific interactions are so effective that the 
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adsorbed layer of the polyelectrolyte easily over-compensates the charge of the adsorbent and 
stabilizes the particles electrosterically. High overcharging demonstrates clearly that specific (non-
coulombic) interactions can lead to adsorption even against electrostatic repulsion. Electrostatic 
and specific adsorption can be distinguished by studying the effect of ionic strength and the shape 
of the adsorption isotherms. The ionic strength of the medium influences electrostatic adsorption, 
but has minor effect on specific adsorption. The shape of the isotherm is of H (high-affinity)-type 
for mainly specific adsorption,22,23 but increased involvement of electrostatic interactions 
gradually transforms it to L (Langmuir)-type. High-affinity adsorption is marked as “irreversible”, 
if the adsorbed layer cannot be detached by washing during the time of the experiment. Typical 
specific (non-electrostatic) interactions are listed generally as van der Waals attraction, H-bond 
formation, hydrophobic effect (depletion of hydrophobes from aqueous medium), ion-pair 
formation, complex (coordinative) and covalent bond formation. In case of adsorption of 
carboxylic polyelectrolytes on metal oxide surfaces, the possibility of complex formation between 
the carboxylic moieties and the metal ions is considered in many publications.24-27,28 
Our aim was to fasten a PE layer to the surface of MNPs so strongly that besides rendering the 
magnetite nanoparticles colloidally stable at physiological pH and salt concentrations, the coating 
PE shell resists dilution as well, i.e., the PE molecules are not desorbed during dilution. Soenen et 
al.29 have given an experimental evidence of the effect of the coating shell on the stability of MNPs 
in cellular environment: citric acid-coated MNPs degraded quickly; dextran-coating leaded to 
increased stability, however, magnetoliposomes proved to be the most stable. Chemical reactions 
are frequently involved in the surface modification of MNPs, in order to achieve acceptable 
dilution stability.30-33,34 The disadvantages of this approach are that the reaction conditions are 
generally harsh, the reactants are not necessarily biocompatible and unwanted by-products can 
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appear. To overcome these drawbacks we use mild colloidal methods to prepare biocompatible 
aqueous MFs and to localize carboxylate groups on the surface of MNPs for later attachment of 
biomedical functionality. In our previous work, the mechanism of MNP coating via adsorption of 
polyacrylic acid (PAA) has been studied in detail.35 The salt resistance of the particles satisfied 
physiological requirement, but only at a large excess of PAA relative to the plateau of the 
adsorption isotherm. In the present study, we have chosen poly(acrylic acid-co-maleic acid) 
copolymer (PAM) for coating the MNPs. We presumed that the PAM layer can be fastened 
stronger to iron oxide particles than the PAA layer, because of the known propensity of maleic 
acid to form metal-carboxylate complexes both in solution and at oxide/electrolyte interfaces.36-39 
Future biomedical application of the PAM-coated MNPs (PAM@MNPs) requires biocompatible 
particles and so we performed in vitro biocompatibility tests as well.   
  
Materials and methods 
 
Magnetite (Fe3O4) nanoparticles (MNPs) were prepared via alkaline hydrolysis of a mixture of 
iron (II) and iron (III) chloride. The procedure is described in detail in our previous publications.40-
42 The degree of mono-dispersity of the particles was relatively high according to transmission 
electron micrographs (not shown here), and the average particle size was ~8 nm.  
Poly(acrylic acid-co-maleic acid) (PAM) (Sigma-Aldrich, average Mw ~3000 Da) was used 
without further purification. PAM is a weak polyelectrolyte with pH-dependent degree of 
dissociation. The notation PAM is used in this paper regardless of the actual degree of dissociation 
of the carboxylic groups,  = [–COO–]/([–COO–] + [–COOH]). The amount of PAM is expressed 
through the number of moles of dissociable groups. The acrylic acid-co-maleic acid repeating units 
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(Mw=188 g/mol) contain three dissociable groups, the specific amount of which is 3/188=0.0159 
mol/g.  
HCl, NaOH and NaCl solutions were used to adjust the pH and salt concentration in all 
experiments. All these reagents were of analytical grade, obtained from Molar (Hungary). 
Ultrapure water from a Milli-Q RG water purification system (Millipore) was used in all 
experiments. All measurements were performed at 251oC. The results represent the mean values 
of measured data accumulated in n experiments (or samplings). The values of standard deviation 
(SD(n–1)) are calculated by the unbiased method. The values and origin of n vary with the 
experimental methods as given below.  
 
Acid-base titrations. Potentiometric acid-base titrations have been performed according to the 
procedure described previously.43 The background electrolyte NaCl was indifferent with no 
specific interactions of its ions with either MNP or PAM. The data points of the titration results 
express equilibrium states. The equilibrium criterion of pH/minute <0.01 was used.  
 
Adsorption and desorption experiments. The adsorption isotherm of PAM at the MNP surface 
was determined at pH=6.5±0.3 and I=0.01 M. We have used the batch method, similarly to humic 
acid, citric acid or polyacrylic acid adsorption described in our previous publications. 35,44,45 The 
MNPs were equilibrated for 24 hours with PAM solutions of concentration between 0.5 and 15 
mM at a solid/liquid ratio of 20 g/L. The pH was set at the start of the adsorption and readjusted if 
necessary. The solid phase was separated by centrifuging at 14000 rpm for one hour. Non-settling 
dispersions were coagulated by a droplet of 1 M NaCl solution and centrifuged additionally for 
one hour. Alternatively, the separation of highly stable dispersions was assisted by a permanent 
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magnet. The equilibrium concentration of the supernatants was determined by measuring the 
absorbance at 223 nm in a USB4000 spectrometer (Ocean Optics). The baseline of the absorption 
spectra increased systematically with increasing PAM concentrations. The latter effect is due to 
the appearance of Fe3+ traces, according to the test of Fe3+ addition in separate PAM calibration 
series. Thus, the absorbance of the supernatants at 250 nm was subtracted from the spectra in order 
to correct for the baseline shift. The adsorbed amount of PAM (nPAM) was calculated using the 
material balance equation for adsorption, nPAM = (V/m) ∙ cPAM, where V/m is the 
solution/adsorbent phase ratio (L/g) and cPAM is the change in the polyelectrolyte concentration 
in the aqueous phase due to the adsorption (mol/L). The adsorption isotherm was plotted in the 
function of the equilibrium PAM concentration. The desorption-experiments have been performed 
by diluting four selected dispersions of the adsorption series with 0.01 M NaCl solution at pH~6.5, 
after 24 hours of adsorption equilibration. The factor of dilution was 2. The samples were left for 
24 hours before measuring the new equilibrium concentration by using the same method as in the 
adsorption experiments. The SD(n–1) is calculated for n=9 (three separate determinations of 
equilibrium PAM concentration in three parallel experiments). 
 
FTIR-ATR measurements. FTIR-ATR spectra were recorded with a Bio-Rad Digilab Division 
FTS-65A/896 spectrometer (with DTGS detector), using a Harrick’s Meridian Split Pea Diamond 
ATR accessory. The absorbance of the samples was measured in single reflection mode over the 
400-4000 cm–1 range (with resolution of 4 cm–1), accumulating 256 scans. Magnetite suspensions, 
PAM solutions or PAM@MNP composite suspensions were dried on the crystal surface. For FTIR 
experiments, the amount of added PAM@MNP was 1.2 mmol/g. The background spectra were 
measured on clean and dry diamond crystal. 
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Electrokinetic potential measurements. Electrophoretic mobilities of the pure magnetite and 
PAM@MNP dispersions were measured in a Zetasizer Nano ZS (Malvern) dynamic light 
scattering (DLS) apparatus with a 4 mW He-Ne laser source (λ=633 nm), using disposable zeta 
cells (DTS 1060). The instrument was calibrated by measuring the zeta potential of a zeta-standard 
(55±5 mV) supplied by Malvern. The accuracy of the measurements is ±5 mV as reported by 
Malvern. The concentration of the dispersions was set to give optimal intensity of ~105 counts per 
second. After preparation, the samples were left standing for one day. Prior to the measurements 
the samples were agitated with ultrasound for 10 seconds and allowed to relax for 2 minutes. The 
effect of PAM addition on the electrophoretic mobility of the MNPs was measured at pH=6.5±0.3 
and 0.01 M ionic strength. The effect of pH variation (between 3 and 10) was measured on the 
uncoated and on three coated MNPs (i.e., at 0, 0.1, 0.47 and 1.3 mmol/g of added PAM) at 0.01 M 
ionic strength. The Smoluchowski equation was applied to convert the electrophoretic mobilities 
to electrokinetic potential values. The SD(n–1) of the electrokinetic measurements is calculated for 
n=36 (three separate sample dispersions, twelve samplings for each).  
 
Particle size determination. DLS measurements of average particle diameter were performed 
using a Zetasizer Nano ZS apparatus (Malvern) operating in backscattering mode at an angle of 
173°. The added amounts of PAM, the pH range and the ionic strength were identical with those 
in the electrokinetic experiments. The intensity average values (Zave), chosen to characterize the 
size of the particles or aggregates, represent the hydrodynamic diameters. We used the second- or 
third-order cumulant fit of the autocorrelation functions, depending on the degree of 
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polydispersity. The SD(n–1) of the Zave values is calculated for n=30 (three separate sample 
dispersions, ten samplings for each). 
 
Coagulation kinetics. The effect of adsorbed PAM on the colloidal stability of magnetite 
nanoparticles was tested in coagulation kinetics experiments at different NaCl concentrations at 
pH=6.5±0.3. We measured the change in Zave with time by using a Nano ZS apparatus (Malvern). 
In a typical experiment, data were collected for 15 minutes with a time resolution of 60 seconds. 
Plots of the stability ratio (lg W) as a function of the electrolyte concentration (lg cNaCl) were used 
to determine the critical coagulation concentration (CCC), which characterizes the salt tolerance 
of the uncoated and coated MNPs. W is the ratio of the initial slope of the kinetic curve measured 
at the fast coagulation rate dZave/dt=f (t)fast to that of actual (fast or slow) coagulation.
40,46-48 The 
SD(n–1) for the Zave values is calculated with n=3 (three separate sample dispersions).  
Since the majority of experiments were performed at pH=6.5±0.3 and I=0.01 M, we simplify the 
notion of this pH value as pH~6.5 and omit noting pH and ionic strength unless it has special 
significance or the values are different.  
 
Biocompatibility tests. The influence of the PAM@MNPs on the colloidal state of whole blood 
of healthy volunteers was assessed by erythrocyte sedimentation rate (ESR) experiments, using a 
Sedi-15 automated blood sedimentation instrument (BD Inc., USA) and Seditainer 1.8 vacutainer 
tubes (BD Inc., USA). The experiments test the change in the stability of the suspended red blood 
cells (RBC) in plasma under specified conditions49. We used the Westergren50 method, i.e., we 
observed the level to which the sharp boundary of the settling RBCs falls in 1 hour time, leaving 
plasma as clear supernatant. Well-stabilized red blood cells of healthy donors settle down with 
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ESR < 20 mm/h. An increase in the ESR value reveals RBC coagulation, which can be caused by 
any effect that shields the negative charges stabilizing the RBCs electrostatically. Biocompatible 
additives are not expected to induce RBC coagulation. PAM@MNP dispersions (pH~6.5, I=0.01 
Ml) were added to citrate-anticoagulated blood samples of three healthy Donors (No.1 – No.3). 
The PAM@MNP dispersion with 1.2 mmol/g added PAM was used and magnetite concentrations 
in the loaded blood samples were 0.033, 0.066 and 0.16 mg/mL. Reference blood samples (without 
magnetite addition) were diluted with 0.01 M NaCl solution of pH~6.5 to the same degree as the 
MNP-loaded samples. The accuracy of the ESR measurements is ±3 mm/h as given in the manual 
of Sedi-15.  
Human cancer cell lines (A431, A2780 and MCF-7 isolated from skin, ovary and breast 
carcinomas, respectively) were maintained in minimal essential medium supplemented with 10% 
fetal bovine serum (FBS) and 1% non-essential amino acids and an antibiotic-antimycotic mixture 
(AAM). The cells were grown in a humidified atmosphere of 5% CO2 at 37 °C. All cell lines were 
purchased from the European Collection of Cell Cultures (Salisbury, UK). Cells were seeded onto 
96-well plates at a density of 5000 cells/well and allowed to stand overnight, after which the 
medium containing the tested agent (PAM@MNP suspension) was added. Final PAM@MNP 
concentration in the samples varied between 0.001 and 0.1 mg/mL. After a 72 h incubation period, 
viability was determined by the addition of 20 µL MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]) solution (5 mg/mL). The precipitated formazan crystals were 
solubilized in DMSO (100 L) and the absorbance was read at 545 nm with an ELISA reader51. 
The experiments were performed with five parallel wells. 
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Results and discussion  
Charging of MNP and PAM. The pH- and ionic strength-dependent charging of MNP and 
PAM is seen in Figure 1, as obtained from potentiometric acid-base titrations. The primary result 
of titrations is the sum of proton consumption in all probable processes such as dissolution or 
hydrolysis for example, occurring in parallel with surface charging. However, only protonation or 
deprotonation of the ionizable groups of solid surface (Fe–OH + H+  Fe–OH2+ or Fe–OH 
 Fe–O– + H+) and polyelectrolyte (–COOH  –COO– + H+) can produce intrinsic charge on 
pure materials. Thus, the conditions of the titration must ensure that i) surface charge forms 
exclusively via protonation/deprotonation of ionizable groups, ii) additional processes with proton 
participation are excluded, and iii) the background electrolyte is indifferent.52,53 Under these 
conditions, the primary results of titrations (i.e., the net proton consumption) represent net surface 
proton excess values that can be converted to surface charge density data. Our titration procedure 
fulfills the above conditions43 and we obtain the direct values of net surface proton excess and 
degree of dissociation that correctly represent the pH-dependent charging of interacting partners.  
 
 
 
 
 
 
 
 
Figure 1. pH- and ionic strength-dependent charging of MNP (left side) and PAM (right side). 
Note that the surface charge density of MNPs is proportional to the measured net surface proton 
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excess (see in the text). The dashed lines are the projections of net surface proton excess and degree 
of dissociation, respectively, at pH~6.5 and at I~0.01 M, the conditions of PAM@MNP 
preparation.  
 
The surface of MNPs is uncharged at the pH of the point of zero charge (PZC) at pH=8±0.1, and 
it is positively or negatively charged below or above it, respectively. PAM can only gain negative 
charges. The titration results of PAM are very similar to that of PAA.35 The dashed lines in Figure 
1 show the charge state of MNP and PAM at the pH and ionic strength of the PAM@MNP 
preparation (pH~6.5 and I=0.01 M), chosen in order to ensure optimal adsorption of PAM at MNP 
surface, i.e., formation of thick and dense adsorbed layer for efficient electrosteric stabilization. 
On the basis of the general principles of polyelectrolyte adsorption,21 both MNP and PAM should 
be moderately charged and it is preferable that the charges have opposite sign. From the titration 
results, such an optimum charge state is found at pH~6.5 and I~0.01 M, where the positive charge 
density of MNP is ~0.05 mmol/g, and the degree of dissociation of the anionic PAM is ~0.6.   
 
Adsorption of PAM on MNP. The adsorption isotherm of PAM on the MNP is presented in 
Figure 2, in parallel with that of PAA.35 PAM has an H-type isotherm with high-affinity limit of 
adsorption at ~0.3 mmol/g (much above the amount of the positive charge on MNP ~0.05 mmol/g), 
followed by a reversible part until the plateau is reached at ~0.9 mmol/g. The same high-affinity 
limit of ~0.3 mmol (–COOH)/g was found for citric acid adsorption in our earlier work,44 
indicating a similar mechanism of both small molecular CA and macromolecular PAM  
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Figure 2. Adsorption isotherms (SD(n–1)=0.12) of polyelectrolytes (PE) PAM and PAA on the 
MNPs at pH~6.5 and I=0.01 M. Lines are drawn as guide for the eye. 
 
adsorption. Each monomer unit (acrylic-co-maleic acid) of PAM has three carboxylic groups, two 
of which belong to maleic acid and capable of complex formation,36,37,39 similarly to the well-
known metal-citrate complexation.54,55 The adsorption isotherm of PAA has completely different 
shape:35 the high-affinity part is missing and the plateau is much lower (~0.6 mmol/g).  
 
FTIR-ATR analysis of adsorption. Figure 3 shows the IR absorption spectra of pure MNP, 
PAM and PAM-coated MNP. The characteristic bands of protonated (acidic) carboxyl groups are 
the C=O stretching band around 1700 cm–1 (C=O) and the C–OH stretching/bending vibrations 
between 1200 and 1300 cm–1 (COH). The deprotonated carboxylates provide the asymmetric and 
symmetric vibrations of COO– around 1600 cm–1 (COO–, as) and 1400 cm–1 (COO–, sym). In the 
spectrum of PAM (Figure 3, left side), C=O =1697 cm–1 is present as a shoulder, but in the 
PAM@MNP spectrum, it is shifted and forms a definite band at 1720 cm–1 due to the adsorption. 
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The COH ~1200 cm–1 vibration is seen as a step in the spectrum of PAM, and its intensity increases 
slightly owing to the adsorption. These observations suggest that the protonated carboxyls are 
involved in the adsorption of PAM. The increase in the relative intensities may be connected with 
an increase in the amount of protonated carboxyls at the surface as compared to the dissolved state. 
The latter can be explained by the mechanism of proton transfer from surface ≡Fe–OH2+ groups 
to the originally dissociated –COO– groups of PAM, as discussed earlier.35 The positions of the 
asymmetric and symmetric carboxylate bands change definitely due to the adsorption: COO–,as 
shifts from 1571 to 1578 cm–1 and COO–,sym shifts from 1404 to 1408 cm–1, indicating the formation 
of direct metal-carboxylate complexes.56 The sift of the COO–,as and COO–,sym bands was not 
observed in the adsorption of PAA, showing the absence of direct Fe-carboxylate complex 
formation.35 Thus, the IR spectroscopy results allow us to make a clear distinction between the 
adsorption mechanisms of PAM and PAA. The presence of surface Fe-carboxylate complex bonds 
explains the strong chemical binding of PAM and the high-affinity adsorption isotherm. On the 
other hand, the absence of surface complexation is responsible for the L-type isotherm of PAA 
(Fig. 1). The chemical structures of PAM and PAA are very similar, yet PAA is not capable of Fe-
carboxylate formation on MNP’s surface. It is apparent that the bi-acidic character of carboxylates 
is necessary for complex formation. This observation is in contrast with some literature data, 
according to which both PAA and bi-carboxylic PEs form metal-carboxylate complexes with 
various metal oxides.6,7,24,25,28 
The two characteristic bands of the surface –OH groups of MNPs (OH-deformation band at 
=1058 cm–1 and H-bonded OH-stretching57 at =1629 cm–1 vanish from the spectrum due to  
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Figure 3. FTIR-ATR absorption spectra (arbitrary units) of PAM, magnetite (MNP) and PAM-
coated magnetite (PAM@MNP) in the 900-1900 cm−1 (left side) and in the 400-800 cm−1 (right 
side) range. Samples were dried on the diamond crystal from solutions/dispersions at pH ~6.5.  
 
PAM adsorption, indicating that direct Fe-carboxylate complexation can occur through the ligand 
exchange reaction: 
   ≡Fe–OH + R–COO–   Fe–OOC–R + OH–.                  (1)  
Some of the negative charges of PAM become neutralized in this reaction, while the charge of 
the MNP does not change. On the contrary, the 1058 and 1629 cm–1 Fe–OH bands did not vanish 
during adsorption of PAA,35 which again, reflects the absence of metal-carboxylate complexation. 
The Fe–O band58 of MNP at 557 cm–1 shifts to slightly higher wavelength upon PAM adsorption 
(Figure 3 right side). Similar observation was made for PAA adsorption.35  
 
Electrokinetic potential, particle size and aggregation. The changes in the electrokinetic 
potential and the adsorbed amount are plotted in Figure 4 as a function of PAM addition. The 
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isoelectric point (IEP, the pH at which MNP carries no net electrophoretic charge) is at 0.17 
mmol/g of added PAM. This is lower than the high-affinity adsorption limit (~0.3 mmol/g in 
Figure 2) and so practically all added PAM is adsorbed. Considering that ~60 % of the 0.17 mmol/g 
of PAM is dissociated (Figure 1, right side), the total amount of adsorbed carboxylate groups at 
the IEP is ~0.1 mmol/g. This amount of negative charge clearly over-compensates the original 
positive charge of the MNPs of ~0.05 mmol/g (Figure 1, left side). However, the condition of 
electro-neutrality at the IEP dictates that the excess negative charge introduced by PAM adsorption 
is neutralized in some way. Indeed, FTIR spectra showed the formation of direct metal-carboxylate 
bonds via the ligand exchange reaction (eq. 1), neutralizing carboxylates, but not changing the 
surface charge of MNP. As a contrast, the charge of MNP was compensated almost quantitatively 
at the IEP in PAA adsorption,35 and in line with this, we have not found signs of metal-carboxylate 
complex formation in the IR spectra of PAA@MNP. At ~0.4 mmol/g of PAM addition, the 
particles become fully dispersed (see the pictures inserted in Figure 4), which is supported by the 
large absolute values of the electrokinetic potential, –40 mV. At higher added amounts of the 
anionic PAM, the electrokinetic potentials remain unchanged, but the adsorbed amounts increase 
up to ~0.9 mmol/g.  
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Figure 4. The effect of PAM addition on the charge state of MNPs and the colloidal stability of 
the dispersions (pH ~6.5 and I=0.01 M). The adsorption (SD(n–1)=0.12) and the electrokinetic 
potential (SD(n–1)=1) data are shown. For the sake of clarity, the error bars are omitted. Lines are 
drawn as guides for the eye. 
 
At the plateau of the adsorption isotherm (0.9 mmol/g of adsorbed amount), the ratio between 
the given area of MNP occupied by an AM repeating unit and the area demand of AM is 1.08. For 
comparison, the same adsorption density for the PAA adsorption at the plateau of the adsorption 
isotherm (0.6 mmol/g) is 0.47. Thus, at the respective plateau values of the adsorption the surface 
coverage of PAA is half of that of PAM. Consequently, PAA only decorates the nanoparticle 
surface, while the PAM coverage is full. In the above calculations, the approx. area demand of the 
repeating units, AM: 0.6 nm2 and AA: 0.13 nm2, and the measured specific surface area of the 
MNP, 100 m2/g,40 were used. 
Figure 5 shows the changes in pH-dependent colloidal stability of MNPs with increasing 
amounts of added PAM. Without PAM, reasonable colloidal stability can only be observed at pH 
values below 5 or above 10, seen as the extreme values of zeta potential on the left side of Figure 
5 and the small values of hydrodynamic diameter in right side of Figure 5. Over the biologically  
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Figure 5. pH-dependent electrokinetic potential (left side) and particle diameter (right side) of 
MNPs at PAM loadings of 0, 0.1, 0.47 and 1.3 mmol/g. The hydrodynamic diameter of the bare 
or PAM-coated primary particles is invariable, ~150 nm, but the size of the aggregates measured 
under identical kinetic conditions depends on pH and the added amount of PAM. The value of 
standard deviation is SD(n–1)=1 for zeta potential and it varies between 15 and 150 for the 
hydrodynamic diameter, depending on the mean size. For the sake of clarity, the error bars are 
omitted.  
 
relevant range of pH, the uncoated MNPs are practically unstable even at 0.01 M ionic strength. 
Adding small amount of PAM (0.1 mmol/g), the pH of IEP decreases to ~6 and the pH range of 
aggregation (the zone of instability) becomes wider. The latter is a known effect of PEs: small 
amount of adsorption can destabilize colloidal dispersions due to either bridging particles or 
forming patch wise charge heterogeneity on the surface.40,59,60 Increasing amounts of PAM shift 
the IEP gradually to more acidic pH (Figure 5, left side) and narrow the pH-range of aggregation 
(Figure 5, right side). Addition of 1.3 mmol/g of PAM results in stable MNP dispersion at all pHs 
higher than ~4. Practically the same behavior was observed in the adsorption of PAA.35  
 
Salt tolerance and dilution resistance of core-shell MNPs. The salt tolerance of PAM-coated 
MNPs was characterized by determining the stability ratios (W) at different NaCl concentrations 
in coagulation kinetics experiments. The stability plots, i.e., the changes in the logarithm of the 
stability ratio (lg W) in the function of the logarithm of salt concentration (lg cNaCl) can be seen in 
Figure 6. The salt tolerance of the MFs is represented by the values of critical coagulation 
concentration (CCC, the value of cNaCl at lg W=0), characterizing the resistance of the particles 
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against salt-induced aggregation. The dashed lines represent previous results of PAA-coated 
samples,35 added here for comparison. The CCC shifts gradually from ~1 mM for uncoated MNP 
to ~60, ~270 and ~500 mM at 0.6, 0.9 and 1.18 mmol/g of added PAM, respectively. The resistance 
against physiological concentration (CCC >150 mM) is achieved at the PAM addition of ~0.9 
mmol/g, which corresponds to ~0.8 mmol/g of adsorbed amount, somewhat below the saturation 
level (0.9 mmol/g). The salt resistance becomes maximal at ~1.2 mmol/g of added PAM, 
corresponding to the plateau of the adsorption isotherm (Figure 4). Further increase in the PAM 
loading to 1.4 and 1.6 mmol/g did not increase the CCC.  The value of CCC at the highest achieved 
salt tolerance was 500 mM in the case of both PAA and PAM, measured at practically the same 
added amounts of PEs, ~1.2 mmol/g. The extent of salt resistance cannot be compared with 
literature results, because there are very few papers61 publishing coagulation kinetics experiments 
of polyelectrolyte-coated core/shell MNPs, besides our own publications.35,40,44 It would be 
desirable to include such experiments in the processes of pre-medical qualification of the aqueous 
magnetic fluids. In the work of Hu and co-workers61 it was shown that humate adsorption at 
pH=9.8 increased the salt tolerance of MNPs to 125 mM.61  
The picture is the same in the cases of both PAM and PAA35 in that saturation of the adsorption 
layer is sufficient to achieve physiological salt tolerance; however, there are fundamental 
differences in the stabilizing capabilities of PAM and PAA. First, the lg W/lg cNaCl slopes of 
PAA@MNPs are significantly lower than those of PAM@MNPs; the difference being most 
evident at the highest added amounts of PAA and PAM, 1.12 and 1.18 mmol/g, respectively. This 
means that PAA@MNP particles are more prone to coagulate at all ionic strengths, compared with 
PAM@MNPs. Second, the equilibrium concentrations of the free (non-adsorbed) PEs at the 
highest salt tolerance are quite different, i.e., ~1 mmol/L for PAM and ~5 mmol/L for PAA. This 
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shows clearly that magnetite can be stabilized much more efficiently by PAM than by PAA. The 
third difference is that to attain the value of CCC=500 mM, an excess of ~25 % of PAA35 must be 
added in excess to the amount, necessary to reach plateau adsorption (0.6 mmol/g). The excess 
PAA does not contribute to the adsorption, but remains dissolved in aqueous phase. On the 
contrary, the same salt tolerance is attained without any excess PAM addition relative to the 
adsorption plateau. This shows that the coating shell of PAM alone  
 
 
 
 
 
 
 
 
 
Figure 6. Stability plot to determine the values of the critical coagulation concentration (CCC) of 
MNPs in the absence of PE coating (open symbols) and in the presence of 0.6, 0.9 and 1.18 mmol/g 
PAM (filled symbols), measured at pH~6.5 (SD(n–1)=0.2; the error bars are omitted for clarity). 
The previous results of PAA-coated samples35 (dashed lines) are recalled here for comparison.  
 
stabilizes the MNPs, while in the case of PAA some additional stabilizing mechanism has to be 
assumed, which may be connected with the fact that PAA only decorates the surface of MNPs, but 
does not coat it completely (see in the section  
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Electrokinetic potential, particle size and aggregation). Since the stabilizing effect of PAA is 
linked to the presence of non-adsorbed PAA, the MF can lose its colloidal stability, when it 
becomes diluted during administration.  Unbound PEs might also bind and eliminate drugs from 
the formulations; moreover their presence could cause adverse effects in biological environments. 
Thus, it is necessary to minimize the concentration of free PE. Though excess PE can be removed 
by washing or dialysis,12 the previously adsorbed PE can also be detached in the process. It is more 
straightforward to define the appropriate quality and quantity of PE for coating by studying the 
mechanism of adsorption in similar ways as presented here. It is also worthwhile to note that the 
same values obtained for hydrodynamic diameter, electrokinetic potential and CCC values of both 
PAA@MNPs and PAM@MNPs imply the same quality of coating, and only the adsorption 
isotherm measurements and their detailed comparative analysis show clearly the advantages of 
PAM over PAA as coating shell molecule for magnetite nanoparticles.   
 
 
 
 
 
 
 
 
 
 
Figure 7. Testing dilution resistance of PAM coating on MNPs. The adsorbed amounts of PAM 
before (filled symbols) and after (open symbols) dilution are plotted as a function of equilibrium 
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concentration (SD(n–1)=0.12). The adsorption isotherm (dashed line) and a cartoon of double 
dilution are inserted for the sake of better understanding. 
 
The dilution resistance of PAM@MNPs was tested in order to evaluate the stability of the 
adsorbed PAM layer. The results are presented in Figure 7. In the case of all dispersions, the PAM 
concentration in the liquid phase decreased to half of the equilibrium concentration before dilution 
(within experimental error), while the adsorbed amount did not change in principle. The 
PAM@MNP dispersions remained stable after dilution, indicating that unbound PAM could be 
removed safely from the medium. This behavior is a consequence of the high affinity adsorption 
of PAM on MNPs (Figure 2) owning to the formation of direct metal-carboxylate complexes as 
proved by FTIR-ATR spectra (Figure 3).  
As it is also stressed by Jain and co-workers,28 polymers and polyelectrolytes do not always bind 
sufficiently strongly; therefore they can get desorbed (or displaced by other solutes), thus 
compromising long-term stability of MFs. The methodology we have shown here can be applied 
generally to investigate the strength of binding of other PEs as well to magnetite or other metal 
oxide surfaces.   
We have tested additionally the time-dependence of the colloidal stability of PAM@MNP 
prepared with 1.3 mmol/g of added PAM. DLS measurements after storage at +4 oC for 30 and 60 
days showed no change in  the mean value of Zave particle size. Insignificant sedimentation was 
observed at the bottom of the container, but ultrasound agitation prior to DLS measurements 
(similarly to the experiments with as-prepared samples) fully recovered the original degree of 
dispersion.  
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Biocompatibility of PAM@MNP. The results of the blood sedimentation experiments are seen 
in Table 1 and on the left side of Figure 8. The ESR values practically did not change (Table 1), 
revealing that the coagulation mechanism of the RBCs was not appreciably influenced by the 
addition of PAM@MNPs. The homogeneous distribution of the MNPs in the plasma is seen on 
the left side of Figure 8 as the gradual darkening with increasing magnetite concentration. The 
picture was taken of samples collected from Donor No.2 right after the ESR measurements; the 
time span from the mixing with MNPs was approximately 1 hour. Darkening of the supernatant 
plasma makes the ESR results meaningless at higher magnetite concentrations, because of the 
vanishing optical contrast. However, visual observation proves that BRCs do not coagulate, e.g., 
at 0.32 mg/mL magnetite content (left side of Figure 8). Blood coagulation experiments have also 
been conducted by Liu and co-workers62 (using dextran-coated MNPs) and they found the same 
level of resistance against similar magnetite concentrations as in our experiments.   
 
Table 1. ESR results of the blood samples of the three healthy donors: loaded with PAM@MNP 
dispersion of different iron concentrations and reference samples. The iron contents in the Table 
are the final concentrations in the blood.  
Iron content 
(mg/mL) 
ESR (mm/h) 
Donor No.1 Donor No.2 Donor No.3 
0 (reference sample)* 4 10 14 
0.024 3 14 15 
0.048 3 14 14 
0.12 3 15 15 
* Diluted with NaCl solution to the same extent as the MNP-loaded samples. 
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The results of the cytotoxicity tests show that PAM@MNPs exerted no substantial action on the 
growth of cancer cells even at the highest concentration, seen on the right side of Figure 8 as the 
insignificant (less than 6 % for each cell lines) extent of proliferation inhibition. The MTT method 
applied here is widely used for investigation of potential anticancer agents. Since the applied 
cancer cells exhibit faster cell division, they are more sensitive for antiproliferative intervention 
than healthy cells. Although the performed MTT assay cannot substitute a comprehensive 
preclinical toxicological evaluation, it indicates undoubtedly that the PAM@MNP preparation is 
non-toxic, because cell killing or growth inhibitory action was not detected. 
 
 
 
 
 
 
 
 
Figure 8. Blood sedimentation experiment (left side): blood sample of Donor No.2 with increasing 
amounts of added PAM@MNP, from 0 to 0.033, 0.066, 0.16 and 0.32 mg/mL magnetite 
concentrations, corresponding to vacutainers 1, 2, 3, 4 and 5, respectively. Cytotoxicity 
experiments (right side): growth inhibition capacity of PAM@MNP on three selected cell lines 
A431, A2780 and MCF-7. The error bars represent SD with n = 5 (five parallel measurements at 
each PAM@MNP concentration).   
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Biocompatibility of the PAM-coated MNPs proved to be similar or even slightly better than that 
of the PAM-coated ones.35 While the antiproliferative capacity of PAA@MNPs for two tested cell 
lines (HeLa and MRC-5) increased to 10–20 %, for PAM@MNPs values higher than 6 % have 
not been observed.   
 
Conclusions 
 
We have presented here an interesting example of the importance of the geometric arrangement 
of chemically equivalent functional groups in determining the mechanism of polyelectrolyte 
adsorption. The choice of either PAA or PAM for designing carboxylated coating on MNPs leaded 
to the finding that geometric matching between the functional groups of PEs and the surface sites 
of crystalline phase is at least as important as their chemical affinity. Our results provide 
indisputable evidence that although the chemical structures of PAA and PAM are nearly identical, 
namely, both are short chain linear PEs (1800 and 3000 Da, respectively) with carboxyl moieties; 
their adsorption features are obviously different. The adsorption of PAA is characterized by H-
bonding, a Langmuir–shaped isotherm and a high concentration of unbound PE, while the much 
stronger fastening of PAM involves the Fe-carboxylate complex formation leading in turn to high–
affinity adsorption (H-type isotherm) and low concentration of free PE in solution. The strong 
coordinative bonds form at the ≡Fe–OH sites via exchanging the –OH ligands for carboxylates. 
The PAM@MNPs are not only stable against aggregation, but also resist dilution even under 
physiological conditions. Since the MFs are ultimately diluted during medical application, this 
dilution-resistant adsorbed layer makes PAM a superior candidate for core-shell magnetite 
nanoparticle preparation as compared to PAA. We can conclude that a small difference in the 
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geometric arrangement of carboxylate moieties (in the PAM and PAA chains in this case) alters 
fundamentally the applicability of carboxylic polyelectrolytes for preparing high-stability core-
shell nanoparticles in biocompatible magnetic fluids.    
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